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Available online 16 June 2016Within this work, a state-of-the-art Arbitrary Lagrangian-Eulerian ﬁnite element model of a milling operation
using coated hard metal cutting inserts is presented. During milling, the cutting depth constantly decreases,
thus, to obtain the correct cutting depth, the model considers movement of the tool in a vertical direction. The
behavior of the 42CrMo4 workpiece material is described using a standard Johnson-Cook material model. A de-
tailed tool model able to represent both an uncoated and coated tool is created. The tool model is based on an
industrial hard coated ﬁne-grained hard metal tool with 8 wt.% Co. Three hard coatings are investigated: (i) an
arc evaporated TiAlN single layer, (ii) a chemical vapor deposited TiCN/α-Al2O3 bilayer and (iii) a chemical
vapor deposited TiAlN/α-Al2O3 bilayer. An uncoated tool model is used as a reference to compare the results.
The tool loading duringmilling is investigated. The calculated variables are cutting forces and the tool-workpiece
contact length. The inﬂuence of the coatings on temperature, vonMises stress and accumulated equivalent plastic
strain is simulated in the coating and the substrate. Measured and literature based thermal and mechanical ma-
terial parameters are used to describe the material behavior of the coatings and the substrate.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Tool loading1. Introduction
Coatings signiﬁcantly inﬂuence the machining performance of tools
by acting as thermal barriers [1,2] and by enhancing thewear resistance
[3,4]. To model how coatings inﬂuence the tool loading, analytical and
numerical approaches have been proposed to gain understanding on
the effect of coatings on the tool temperatures [5–8].
Grzesik and Nieslony [5] proposed physics based models to obtain
average and peak temperatures at the interface between tool and chip
for uncoated and multilayer coated hard metal tools. Their calculations
use equivalent thermal conductivities and diffusivities of the deposited
coatings and suitable heat partition coefﬁcients. The proposed models
predict temperatures which are comparable in values to the tempera-
tures measured via thermocouple during cutting experiments.
An analytical model for one dimensional heat transfer in amonolay-
er coated tool is presented in [6]. There, a constant temperature at the), werner.daves@mcl.at
z),
luensner@mcl.at (T. Klünsner),
r@unileoben.ac.at (C. Mitterer),
r@mcl.at (W. Ecker),
. This is an open access article undertool-chip interface is assumed and the temperature development is cal-
culated. The obtained temperature distribution indicates that the ther-
mo-physical properties of the coating and the substrate materials have
a signiﬁcant impact on the temperature distribution in monolayer coat-
ed tools.
The thermo-mechanical behavior of coatings under dry cutting con-
ditions is studied using ﬁnite element (FE)models in [7]. From their cal-
culated temperature distribution, it is concluded that the heat partition
at the tool-chip interface is modiﬁed by the presence of the coatings.
The study also showed that there is signiﬁcant inﬂuence of the coatings
on the temperature values on the surface and inside of the tool aswell as
on the contact pressure and on the cutting- and feed-forces.
Another FE model shows how temperature distributions near the
tool-chip contact develop for differently coated tools during turning
[8]. The results show a good agreement between predicted and experi-
mentally measured temperatures. The authors demonstrate the exis-
tence and the location of a secondary shear zone within the chip. The
maximum interface temperature is calculated in the vicinity of the cut-
ting edge. It is shown that the investigated coatings reduce the peak
temperatures in the substrate in comparison to an uncoated tool [8,9].
The aim of this paper is to present a new multi-scale FE model of a
milling process which can predict in a comprehensive way the temper-
ature ﬁelds and stress-strain state in coated tools. The study is based onthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Scheme of the milling process (according to [10]).
135I. Krajinović et al. / Surface & Coatings Technology 304 (2016) 134–141a real milling process and a real milling tool. In comparison to the
models described in the literature, experimentally measured material
data for coatings and substrates and improved and reﬁned meshes are
implemented in a newly developed FE Arbitrary Lagrangian-Eulerian
(ALE) model of a milling process.
2. Finite element model
A realmilling process is simulated by a 2D orthogonal cuttingmodel
using anALE formulation. The schemeof the process is presented in Fig. 1.
A milling tool holder is equipped with one milling insert which removes
material at 560 rotations/min. In one rotation the duration of thematerial
removal is 14 ms. During the rest of the rotation (92 ms), the tool cools
down. In this paper 8.5 ms of the total milling time have been modeled,
which is sufﬁcient to see the inﬂuence of hard coatings on the loading
of the substrate.
In milling, the cutting depth is not constant. It can either increase or
decrease depending on the milling setup. In models which use an ALE
formulation, the inﬂow and outﬂow boundaries are usually constrainedFig. 2. FE ALEmodel of themilling process. The purple arrows at the top of the tool indicate an u
top part of the workpiece is also shown. Single layer, bilayer coated and uncoated tools are shoin vertical and horizontal directions to ensure that the same amount of
material moves in and out from the model. This approach is used to
model a turning process, which is also used in this paper for comparison
to the milling model. In our modeled process, the cutting depth de-
creases with time which means that in the 2D model the tool has to
move upwards. This makes it necessary to remove the constraints in
vertical direction at the outﬂow surface while the inﬂow surface re-
mains constrained, thus allowing the outﬂow surface to spread in verti-
cal direction and additional material can ﬂow out so mass conservation
is obtained.
In Fig. 2, a scheme of the FE ALE model is presented. The arrows in-
dicate the inﬂow and outﬂow surfaces of the ALEmodel. A cutting speed
of 220m/min is considered. The speed of the tool in upward direction is
calculated in the FEmodel in such away that the decrease of the cutting
depth in the real milling process is simulated. The milling process starts
at a cutting depth of 0.4mmand reaches almost zero depth at the end of
the cut. Therefore, the tool moves with 26 mm/s upwards in the
simulations.
The model creation as well as the post processing is done using
Abaqus/CAE 6.13-3 [11]. The calculations are conducted using Abaqus/
Explicit 6.13-3 [11].
The model consists of two parts: workpiece and tool. The
workpiece has dimensions of 1 × 7 mm2, while the dimensions of the
tool are 7 × 7 mm2. The geometry of the cutting edge of the milling
tool is represented in Fig. 2 by a 2D cross section of the real milling
tool perpendicular to the rake surface of the tool. All angles and edge
radii of the real tool are included in the modeled cutting plane. The
cutting edge is chamfered, where the chamfered angle is−10° to the
rake face and the chamfer exhibits a length of 300 μm. The cutting
edge itself is rounded with a radius of 56.5 μm. The cutting angle is
−7°. The tool is modeled as one part containing three sections. The
ﬁrst two sections are two thin element rows on the tool surface. Each el-
ement row has a thickness of 3.5 μm, starting from the top of the rake
face to the end of the ﬂank face. By changing the material deﬁnition,
these two element rows can serve as different coatings or as substrate,
see Fig. 2. The third section is the rest of the tool which is corresponds
to a hard metal (HM) substrate. The entire tool consists of 12,018
elements.pwardmotion of the tool. The starting cutting depth is 0.4mm. The structuredmesh at the
wn in the middle of the ﬁgure.
Table 1
Thermo-physical properties and Johnson-Cook parameters [14] of the 42CrMo4 steel.
Thermo-physical properties Value Johnson-Cook
parameters
Value [14]
Density (ρ) [kg m−3] 7800 A [MPa] 600
Young's modulus (E) [GPa] 210 B [MPa] 643
Poisson's ratio (ν) [−] 0.3 n 0.41
Conductivity (λ) [Wm−1 K−1] 46 m 0.957
Thermal expansion (α) [K−1] 1.2 · 10−5 C 0.0037
Speciﬁc heat (c) [Jkg−1 K−1] 476
136 I. Krajinović et al. / Surface & Coatings Technology 304 (2016) 134–141The tool is either coatedwith a 7 μmthick arc evaporated TiAlN layer
or with two chemically vapor deposited (CVD) layers of TiCN and α-
Al2O3, each having a thickness of 3.5 μm. Both types of layers are includ-
ed in the models. A third coating combination consisting of two 3.5 μm
thick layers of TiAlN and α-Al2O3 is investigated for comparison. Addi-
tionally, an uncoated hard metal tool is used. The substrate of the tool
is modeled with thermo-physical properties of a hard metal with
8 wt.% Co.
Both parts are modeled using a combination of structured and free
mesh available in Abaqus/CAE 6.13-3 to minimize the number of unnec-
essary elements and to increase the number of elementswhere they are
needed such as in the contact zone. The element type used in both parts
is CPE4RT.
A structured mesh is used at the upper side of the workpiece to en-
hance and stabilize the formation of the chip, see Fig. 2. The workpiece
consists of 26,697 elements, and the workpiece material is 42CrMo4
steel.
Friction is deﬁned by the interaction of the workpiece and the tool.
The Coulomb friction model is used coupled with an artiﬁcial shear
stress limit τmax. This limit is introduced since the shear stress at the in-
terface, calculated by theCoulomb theory,may exceed the yield stress of
the contacting materials. An upper boundary for τmax can be estimated
with σY=
ﬃﬃﬃ
3
p
, where σY is the Mises yield stress of the workpiece mate-
rial. In this model, a constant value of τmax is calculated from theFig. 3. Collection ofmaterial data for hardmetal and coating samples: a)measured heat capacity
c) estimated ﬂow strength of HM, d) measured coefﬁcient of thermal expansion of HM and coworkpiece yield strength and it amounts to 346 MPa. The assumed fric-
tion coefﬁcient value used in all FE calculations is 0.4. Due to the plastic
deformation of theworkpiecematerial, energy is dissipated fromwhich
90% is assumed to be converted to heat. Additional heat is produced by
friction between the chip and the tool. All the heat produced is equally
partitioned to ﬂow into the tool and the chip.
The heat transfer coefﬁcient h1 allows a thermal exchange between
the chip and the tool. For the cutting speed which is used in this
model, a suggested value of 100 kWm−2 K−1 is used [12]. Ourmodel in-
cludes the convection of heat from the tool surface and from the work-
piece material into air. The convective heat transfer coefﬁcient is
calculated using Nusselt's empirical formulas, applying the procedure
of Kagnaya et al. [13]. The value of h2 derived from this procedure is
100 Wm−2 K−1.
3. Determination of the material data
This section provides an explanation and description of howmateri-
al data for the workpiece material, hard metal and hard coatings were
derived.
3.1. Workpiece material
For the description of the workpiece material stress-strain behavior,
a Johnson-Cook material model is used which can be represented by
σeq ¼ Aþ Bεnð Þ 1þ C ln
_ε
_ε0
 
1−
T−Troom
Tm−Troom
 m 
; ð1Þ
where ε is the plastic strain, _ε is the strain rate (s−1), _ε0 is the reference
plastic strain rate (0.001 s−1), T and Tmcorrespond to the temperature of
the workpiece material (°C) and the melting temperature of the work-
piece material (1520 °C), respectively. Troom is room temperature (RT)
(20 °C). The coefﬁcient A represents the yield stress (MPa), B the hard-
ening modulus (MPa), C the strain rate coefﬁcient, n is the hardeningand thermal conductivity of HM, b)measured Young'smodulus and Poisson's ratio of HM,
atings. The reference temperature for the thermal expansion coefﬁcient is 20 °C.
Table 2
Measured and literature thermo-physical properties of the hard coatings.
Parameter TiAlN α-Al2O3 TiCN
Density (ρ) [kg m−3] 5400 3980 5320
Young's modulus (E) [GPa] 557 340 567
Poisson's ratio (ν) [−] 0.25 [22] 0.231 [23] 0.182 [24]
Thermal conductivity (λ) [Wm−1 K−1] 5.6 7.5 [7] 30 [7]
137I. Krajinović et al. / Surface & Coatings Technology 304 (2016) 134–141coefﬁcient and m the thermal softening coefﬁcient. The Johnson-Cook
parameters are taken from [14] and are presented together with ther-
mo-physical data in Table 1.
3.2. Hard metal
The thermo-physical and mechanical material properties of the in-
vestigated HM grade with 8 wt.% Co have to be determined to produce
reliable FE simulation results.
The density of the HM grade was determined by weighting a block
specimen (10 × 10 × 3.5 mm3) in air and in water according to ISO
3369 [15], yielding a value of 14,890 kg m−3. Thermal conductivity λ
and the thermal diffusivity a were measured directly from room tem-
perature (RT) to 1000 °C using laser ﬂash equipment (Netzsch LFA
457 MicroFlash). The thermal conductivity values presented in Fig. 3a
were determined using the introduced energy of the laser pulse, the
specimen geometry and the difference in temperature before and after
the pulse. The heat capacity cp was calculated according to an Eq. (2)
presented in [16] using the density ρ, thermal diffusivity a and conduc-
tivity λ:
cp ¼ λa∙ρ ð2Þ
The Young's modulus E and shear modulus Gwere obtained using a
resonant beam technique. The rectangular bar (45 × 4 × 3 mm3) was
put to oscillate and the eigen-frequency of the HM was detected and
the E and G were determined according to the method described in
[17]. The Poisson's ratio νwas calculated according to an equation pre-
sented in [18]. Results for Young's modulus and Poisson's ratio are
shown in Fig. 3b for temperatures up to 1100 °C.
To determine the compressive ﬂow strength, static uniaxial tests
under compression loading conditions were performed using a servo-
hydraulic testing machine (Instron 8803). The experiments were car-
ried out under ambient atmosphere from RT to 900 °C. StrainFig. 4. Temperature distribution in theworkpiece and the tool after 6ms ofmilling time. The too
as a consequence of the upward movement of the tool.measurements were done contactless via a laser extensometer P-2S-
50/400 Hz (Fiedler Optoelectronic GmbH). Two HM grades with
6 wt.% and 10 wt.% Co content were tested. It is expected that the ﬂow
strength of the WC with 8 wt.% Co content is approximately a mean
value of the two tested grades. Results are presented in Fig. 3c.
The thermal expansion coefﬁcient αth was measured using a dila-
tometer (Netzsch DIL 402 E/7). Cylindrical samples with a diameter of
5 mm and a starting length L0 of 25 mm were used. The increase of
the specimen length with increasing temperature and the length
change ΔL were measured and the thermal expansion coefﬁcient αth
was calculated according to [19] for temperatures up to 1300 °C (see
Fig. 3d).3.3. Hard coatings
In order to determine the mechanical properties of the hard coat-
ings, nanoindentation experiments were performed. The tests were
conducted using anUMIS nanoindenter provided by Fischer-Cripps Lab-
oratories equippedwith a Berkovich diamond indenter. Tominimize in-
ﬂuence on the results from the substrate, the maximum loads were
chosen to reach maximum indentation depths of b10% of the coatings
thickness [20]. For each coating, at least ten measurements were used
to evaluate hardness and Young's modulus according to Oliver and
Pharr [21]. The Poisson's ratios for the TiAlN,α-Al2O3 and TiCN coatings
were taken from Refs. [22–24] (see Table 2).
The thermal expansion coefﬁcients of the TiAlN, TiCN and α-Al2O3
coatings were investigated using high temperature X-ray powder dif-
fraction (HT-XRD) utilizing a Bruker D8 Advance diffractometer,
equipped with an Anton Paar HTK 2000 hot stage, operated under vac-
uum(base pressure b 10−4mbar). Forα-Al2O3, a directionally averaged
value for the thermal expansion coefﬁcient was calculated from the
values determined for the a and c axes according to Ref. [23]. In Fig.
3d, the thermal expansion coefﬁcients for all three coatings, derived
from the HT-XRD, are presented. Time-domain thermoreﬂectance [24,
25] was applied to determine the thermal conductivity of the TiAlN
coating, while for the α-Al2O3 and TiCN literature values were used
[7]. The heat capacity of TiAlN was taken from Fig. 5 in [26], α-Al2O3
from Table 2 in [27] and TiCN from Fig. 4 in [28].
X-ray reﬂectivitymeasurements utilizing a Rigaku SmartLab diffrac-
tometer were performed to estimate the densities of the coatings from
the critical angle of the recorded reﬂectivity curves, using the software
package Leptos provided by Bruker for data post-processing [29]. A
summary of the used thermo-physical properties of the hard coatings
is shown in Table 2.l used in thismodel is coatedwith TiAlN. The chip is thinningwith progressingmilling time
Fig. 5. a) Evolution of cutting force versus time for uncoated and coated tools. b) Evolution of contact length versus time for uncoated and coated tools. In both graphs the comparison of the
values obtained for the model with constant cutting depth versus models with decreasing cutting depth is shown.
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After 6 ms of simulated milling process, the deformed workpiece
and the temperatures in tool and workpiece are presented in Fig. 4. As
expected, the highest temperatures are calculated at the tool-chip inter-
face. The cutting depth decreases with time, reaching 0.25 mm at the
presented stage. Therefore, the chip is thicker at the beginning of the
milling process and it is thinning as it continues. In the following, results
for the cutting force, the contact length between tool and chip, the tem-
peratures in the tool and the accumulated equivalent plastic strain in
the substrate are shown and discussed.
To gain a better understanding of the FE milling process model, the
obtained cutting force and cutting depth are compared to a model
with constant cutting depth, which corresponds to a turning process.
The evolution of the force over time is shown for both models in Fig.
5a. The model with constant cutting depth shows a decreasing cutting
force over time due to thermal softening of the workpiece material. In
the case of milling, the cutting force reduces with decreasing cutting
depth and also by the thermal softening of the workpiece material.
The similar cutting force values are calculated for coated or uncoated
tools. This ﬁnding differs from results shown in [7], where a lower cut-
ting force is calculated for coated tools due to a hotter and thus softer
workpiece material caused by the thermal shielding of the coating. Be-
cause the heat transfer coefﬁcient used in [7] is higher than in our
model, the heat exchange between the tool and the chip is faster, lead-
ing to enhanced softening of their workpiecematerial. Additionally, theFig. 6. Temperatureﬁeld in the uncoated and coated tools after 8.5ms ofmilling time: a) uncoat
of highest load. The evolution of temperatures, von Mises stresses and accumulated equiva
temperature development with the depth of the tool is plotted along the paths a and b indicatdependence of their workpiece material properties on temperature is
more pronounced.
The development of the contact length between the chip and the
tool, i.e. the area of contact between them during milling, versus time
is presented in Fig. 5b. For models with decreasing cutting depth, the
contact length decreases steadily after 1.5 ms while for the model
with constant cutting depth it remains almost constant with a value of
1.4mm. As there are no signiﬁcant differences in cutting forces and con-
tact lengths values among differently coated and uncoated tools under
presumption of the same friction conditions, there is no difference in
contact pressure, similar as in [7].
The temperature ﬁelds in the tool after 8.5 ms of simulated milling
process are presented for all investigated models in Fig. 6. At points A
and B the peak temperatures are obtained. Von Mises stress, tempera-
ture and accumulated equivalent plastic strain are plotted as a function
of time in point A. The black lines in Fig. 6a represent paths a and b,
along which the temperature distributions inside the tool are plotted
in Fig. 7. Regarding the heat ﬂow into the tool, the highest temperatures
are calculated in the ﬁrst and second element row. Temperatures are
decreasing towards the interior of the tool. A comparison of the uncoat-
ed and the three differently coated tools shows that the calculated tem-
peratures at the contact surface are lowest for the uncoated tool, similar
to ﬁndings of [5–8]. The reason for this is that the HM substrate exhibits
a higher thermal conductivity than the coatings. As a consequence, the
zone of higher temperatures inside of the tool is larger for the uncoated
tool than for the coated tools. Comparing the coated tools, the biggested, b) TiAlN-, c) TiAlN/α-Al2O3- and d) TiCN/α-Al2O3-coated HM. A and Bmark the points
lent plastic strain as a function of the milling time is plotted at point A (see Fig.8). The
ed by black lines (see Fig.7).
Fig. 7. Temperature distribution after 8.5 ms of milling time in the interior of the tool along: a) path a and b) path b. Dashed lines indicate the thickness of the 1st and 2nd coating layer.
139I. Krajinović et al. / Surface & Coatings Technology 304 (2016) 134–141zone of high temperature close to the tool surface is obtained for TiCN/
α-Al2O3, see Fig. 6d. This is expected, since TiCN exhibits the highest
thermal conductivity value of the investigated coatings. TiAlN and the
bilayer TiAlN/α-Al2O3 yield the lowest calculated temperatures in the
substrate for the coated tools and do not differ signiﬁcantly in the calcu-
lated temperature ﬁelds, both coating materials are characterized by
similar thermal conductivity values, see Fig. 6b–c.
Fig. 7a and b present temperatures in the interior of the tool, starting
at points A and B following the paths a and b, see Fig. 6a, respectively.
The temperature in general decreases towards the interior of the tool.
The surface temperature of the rake face (see Fig. 7a) is highest for the
tool coated with TiAlN/α-Al2O3, while it is lowest for the uncoated
tool with a difference of almost 100 °C. In the second element row the
temperature drops signiﬁcantly for all three coated tools. The tempera-
ture decreases after two element rows (i.e. 7 μm) by N150 °C for TiAlN
and TiAlN/α-Al2O3, while for the TiCN/α-Al2O3 coating it is reduced by
80 °C. The temperature in the uncoated tool at a depth of 7 μmdecreases
by 30 °C. At the tool edge (Fig. 7b), the temperature distribution isFig. 8.Evolution of accumulated equivalent plastic strain, vonMises stress and temperature vers
Al2O3, d) TiCN/α-Al2O3. Data are extracted in the substrate at 7 μm in depth from point A, seesimilar to the rake face, with the difference that the highest surface tem-
perature is calculated for TiAlN. Due to higher temperatures at the sur-
face, the temperature differences after two element rows are bigger,
reaching a maximum of 370 °C for TiAlN and 340 °C for TiAlN/α-
Al2O3. In both Fig. 7a and b, it can be seen that the highest temperatures
in the substrate are calculated for the uncoated tool and the tool coated
with TiCN/α-Al2O3, which can be related to their high thermal conduc-
tivities. It is evident, that coatings with low thermal conductivity serve
as a good thermal shield lowering the temperature in the substrate,
which is in good agreement with literature [5–8].
The development of the accumulated equivalent plastic strain, von
Mises stress and temperature in the substrate is depicted at 7 μm in
depth from point A, see Fig. 8a–d. Here, the highest plastiﬁcation occurs
in the substrate, see Figs. 9 and 10. A peak of the von Mises stresses is
calculated in all investigated tools just at the start of the calculation dur-
ing the beginning of the chip formation. This peak is calculated just be-
fore the chip contacts the tool for the ﬁrst time. After that, the cutting
continues and the von Mises stresses are reduced till they rise againus time in the substrate for: a) uncoatedHM tool; andHMcoatedwith b) TiAlN, c) TiAlN/α-
Fig.6b.
Fig. 9. Accumulated equivalent plastic strain ﬁeld in the uncoated and coated tools after 8.5 ms of milling time: a) uncoated HM tool; HM coated tool with b) TiAlN, c) TiAlN/α-Al2O3, d)
TiCN/α-Al2O3.
140 I. Krajinović et al. / Surface & Coatings Technology 304 (2016) 134–141and a second continuous plastiﬁcation of the substrate starts. During
longer cutting times (N0.4 ms), the tool is heated up till the substrate
material weakens and the yield stress and vonMises stress are reduced.
As a consequence the substrate material plastiﬁes further.
The accumulated equivalent plastic strain (PEEQ) ﬁeld in uncoated
and coated tools is presented in Fig. 9a–d. The coatings are deﬁned as
elastic materials which thus cannot exhibit any plastic strain and are
shown in black color in Fig. 9b–d. Some differences in the amount and
location of plastiﬁcation can be observed in the substrate. As it can be
seen from Figs. 6 and 7, the temperatures near the tool surface in a
depth of 7 μm are higher for the uncoated tool than for coated tools.
TheHM is softer at higher temperatures and thus it plastiﬁes to a greater
extent. Fig. 6d shows that the TiCN/α-Al2O3 coated tool exhibits the
highest temperatures in the substrate among the coated tools. Thus,
the substrate softens and shows the highest PEEQ among the coated
tools, see Fig. 9d. The TiAlN and TiAlN/α-Al2O3 coated tools reduce the
plastiﬁcation in the tool substrate more effectively than TiCN/ α-Al2O3.
The PEEQ in the substrate at a depth of 7 μm along the coating-sub-
strate interface are shown in Fig. 10, following the red curve indicated in
the insert at the top left corner.
The highest absolute plastic strain (PEEQ) values are obtained at the
rake face (point A). The plastic strains are highest for the uncoated toolFig. 10. Accumulated equivalent plastic strain along the tool surface in a depth of 7 μm for
uncoated and coated tools after 8.5 ms of milling time.and are decreased in the coated tools, especially the coatings containing
TiAlN.
The model includes thermal stresses due to different expansion of
the coatings relative to each other and to the substrate but does not
consider residual stresses originating from tool production. A further
development of the tool model has to take into consideration the devel-
opment of stresses in the coatings regarding the whole heating and
cooling process duringmilling. After this model extension a veriﬁcation
of our result can be done by comparing residual stressmeasurements in
coatings [30] and substrate [10]. It has to be remarked that the obtained
results are as good as the measured material data of coatings and sub-
strate. To foster the quality of the model developed a close cooperation
between experimental and numerical research was established within
this work.
5. Conclusions
In this paper a 2D ﬁnite element Arbitrary Lagrangian-Eulerianmill-
ingmodel for uncoated and coated hardmetal cutting tools is presented.
The focus is set on the calculation of temperatures, stresses and strains
in the coating and plastic strains in the substrate. For such a detailed in-
vestigation, a new set of thermo-physical properties for both, the hard
metal substrate and three different hard coatings is determined experi-
mentally. Some necessary data are compiled from literature. The mea-
sured data and experimental set-up are presented in this work and
this data allowed performing a detailed temperature-stress-strain anal-
ysis of the tool under loading.
For the given workpiece material, the inﬂuence of the investigated
coatings on the cutting forces, tool-workpiece contact length and thus
on the contact pressure is negligible, presuming the same friction condi-
tions. In contrast to turning models, both cutting forces and contact
length are decreasing with time as a consequence of a decreasing cut-
ting depth.
The calculations show that coatings with low thermal conductivity
serve as thermal shield. This particularly results in higher temperatures
on the tool surface while the temperatures in the substrate are signiﬁ-
cantly reduced. With reduced temperatures in the substrate, the yield
stress of the substrate remains higher and therefore the accumulation
of the plastic strain is lower. A reduction of the plastic strain in the sub-
strate is regarded as an important factor for a longer tool service life. The
TiAlN and TiAlN/α-Al2O3 coatings behave as the best thermal shields of
the coatings compared within this study, lowering the temperature in
the substrate the most.
Finally, it can be concluded that the newdevelopedmillingmodel al-
lows not only the detailed and quantitative investigation of the coated
141I. Krajinović et al. / Surface & Coatings Technology 304 (2016) 134–141tool loading but also provides a detailed physically based temperature,
stress and plastic strain insight in the tool. In future, the model will be
used for the optimization of the coating-substrate system for industrial
milling processes.
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